Spin current injection from sputtered yttrium iron garnet (YIG) films into an adjacent platinum layer has been investigated by means of the spin pumping and the spin Seebeck effects. Films with a thickness of 83 and 96 nanometers were fabricated by on-axis magnetron rf sputtering at room temperature and subsequent postannealing. From the frequency dependence of the ferromagnetic resonance linewidth, the damping constant has been estimated to be (7.0 ± 1.0) × 10 −4 . Magnitudes of the spin current generated by the spin pumping and the spin Seebeck effect are of the same order as values for YIG films prepared by liquid phase epitaxy. The efficient spin current injection can be ascribed to a good YIG|Pt interface, which is confirmed by the large spin-mixing conductance (2.0 ± 0.2) × 10 18 m −2 .
I. INTRODUCTION
Spintronics is an aspiring field of electronics which incorporates the spin degree of freedom into charge-based devices. Among the main interests in spintronics are generation, manipulation and detection of spin current, the flow of spin angular momentum. Pure spin current unaccompanied by charge current has high potential to open a path to new information technology free from the Joule heating.
For spin current generation in thin-film systems, two dynamical methods are the spin pumping [1] [2] [3] [4] [5] [6] [7] [8] and the spin Seebeck effect. [9] [10] [11] [12] [13] [14] In spin pumping [SP, Fig. 1(a) ], spin current is generated by magnetization dynamics in the ferromagnet. The magnetization vector of a ferromagnet irradiated by a microwave precesses when the ferromagnetic resonance condition is fulfilled. This precession motion relaxes not only by damping processes inside the ferromagnet (F), but also by emission of spin current into the adjacent non-magnetic conductor (N) by exchange interaction at the F|N interface. [1] [2] [3] In the spin Seebeck effect (SSE), spin current is generated in the presence of a temperature gradient across the ferromagnet. The simplest setup for SSE is the so-called longitudinal configuration [ Fig. 1(b) ], where the temperature difference is applied parallel to the direction of spin injection. Given that the ferromagnet is attached to a non-magnetic conductor, spin current is emitted from the ferromagnet into the neighbouring non-magnetic metal by thermal spin pumping. 15, 16 Notably, these two mechanisms of spin current generation do not require that the ferromagnet be a conductor. The use of an insulator enables generation of pure spin currents and limits transport mediated by conduction electrons to the adjacent non-magnetic metal. The ferrimagnet yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) is a material of choice as a spin current injector due to its highly insulating properties and high Curie temperature (550 K). 17 In addition, its low magnetic loss properties at microwave frequencies a) Electronic mail: lustikova@imr.tohoku.ac.jp make it ideal for efficient spin injection. The magnetization damping in YIG is two orders of magnitude lower than that in ferromagnetic metals. 18 Among the various fabrication methods of YIG, liquidphase epitaxy (LPE) is known for its ability to produce high-quality single-crystal films 17, 19 which have been used extensively in spintronics experiments. 7, 10, 20 However, it is difficult to produce films thinner than a few hundred nanometers by the LPE method. 21 Since it has been shown that the interface damping due to SP increases with decreasing thickness of the ferromagnetic film, 2,22 synthesis of YIG films with thickness below 100 nm is desirable for the study of interface effects. Conversely, the increase and saturation of the spin Seebeck signal with increasing YIG thickness has been interpreted as evidence that SSE originates in bulk magnonic spin currents. 23 Therefore, thin YIG films are also useful for probing the physics of the spin Seebeck effect.
In quest of controlling YIG thickness at nanometer FIG. 1. Schematic illustrations of the experimental setup for spin pumping (SP) and the spin Seebeck effect (SSE). (a) SP and the inverse spin Hall effect (ISHE). H, h ac , M(t), j s and σ denote the static magnetic field, the microwave magnetic field, the magnetization vector, the direction of spin current generated by SP and the spin-polarization vector of the spin current, respectively. The bent arrows in the Pt layer denote the motion of the electrons under the influence of the spin-orbit coupling which leads to the appearance of a transverse electromotive force (ISHE). (b) Longitudinal SSE in a YIG|Pt bilayer film. ∇T denotes the temperature gradient. Spin current is generated along ∇T due to SSE and the electromotive force by ISHE in Pt appears in a direction perpendicular both to the sample magnetization and to the temperature gradient. scale, the growth of thin films by pulsed-laser deposition (PLD) [24] [25] [26] [27] [28] and sputtering [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] has attracted interest. In the sputtering method, the growth of crystals can be realized either by direct epitaxial growth via sputtering at high temperatures 29, 32, 36, 38 or by sputtering at room temperature and subsequent post-annealing. [30] [31] [32] [33] [34] [35] 38 Direct epitaxial growth at high temperature can provide crystals of excellent quality. 36 However, the sputtering rates are usually very low 30, 34 and the sample quality sensitive to the conditions during deposition. In contrast, sputtering at ambient temperature is technologically more accessible as it does not require a high process temperature and enables faster deposition. 30 Although there are various industrial advantages to the sputtering method, such as high compatibility with the semiconductors technology, suitability for coating of large areas, and dryness of the preparation process, there are only a limited number of reports on the use of sputtered YIG films in spintronics experiments. 36, 37, [39] [40] [41] [42] [43] In this work, we grow thin YIG films by sputtering and subsequent post-annealing and confirm epitaxial growth by transmission electron microscopy (TEM). By measuring SP and SSE, we demonstrate that the obtained YIG films are an efficient spin current generator comparable to LPE films.
II. METHODS
YIG films were deposited by on-axis magnetron rf sputtering on gadolinium gallium garnet (111) (Gd 3 Ga 5 O 12 , GGG) substrates with a thickness of 500 µm. The choice of substrate was due to the close match of the lattice constants and of the thermal expansion coefficients of GGG and YIG. 33 The sputtering target had a nominal composition of Y 3 Fe 5 O 12 . The base pressure was 2.3 × 10 −5 Pa. The substrate remained at ambient temperature during sputtering. The pressure of the pure argon atmosphere was 1.3 Pa. The deposition rate was fairly high at 2.7 nm/min with a sputtering power of 100 W. The asdeposited films were non-magnetic; according to Refs. 29-35 such films are amorphous. Crystalization was realized by post-annealing in air at 850 • C for 24 hours. In this study, we focus on films with a thickness of 83 and 96 nanometers. The thickness was determined by X-ray reflection (XRR) and TEM. The structure of the samples was characterized by high-resolution TEM. X-ray photoelectron spectroscopy confirmed a Y:Fe stoichiometry 3:4.4.
Microwave properties were analyzed using a 9.45-GHz TE 011 cylindrical microwave cavity and a coplanar transmission waveguide in the 3-10 GHz range. The waveguide had a 2-mm-wide signal line and was designed to a 50-Ω impedance. The width and length of the samples were w = 1 mm and l = 3 mm, respectively.
For the spin injection experiments, the annealed YIG samples were coated by a platinum film by rf sputtering. Spin current injected into the platinum layer was detected electrically using the inverse spin Hall effect [ISHE, Fig. 1(a) ]. ISHE originates in the spin-orbit interaction which bends the trajectories of electrons with opposite spins and opposite velocities in the same direction and produces an electric field transverse to the direction of the spin current. [4] [5] [6] 44 Platinum was chosen for its high conversion efficiency from spin current to charge current. 8 Spin pumping was performed at room temperature in a cylindrical 9.45-GHz TE 011 cavity at a microwave power P MW = 1 mW (corresponding to a microwave field µ 0 h ac = 0.01 mT) in a setup illustrated in Fig. 1(a) . The sample was placed in the centre of the cavity where the electric field component of the microwave is minimized while the magnetic field component is maximized and lies in the plane of the sample surface. A static magnetic field was applied perpendicular to the direction of the microwave field and to the direction in which the voltage was measured. 8 Measurements were performed on a set of three samples. The thickness of the Pt layer was d N = 14 nm, the thickness of the YIG layer d F = 96 nm.
The SSE experiment was performed in a longitudinal setup identical to that of Ref. 14 on three YIG(83 nm)|Pt(10 nm) samples. The length, the width, and the thickness of the samples were L V = 6 mm, w = 1 mm, and L T = 0.5 mm, respectively. The sample was sandwiched between two insulating AlN plates with high thermal conductivity. The upper AlN plate (on top of the Pt layer) was thermally connected to a Cu block held at room temperature. The bottom AlN plate (under the GGG substrate) was placed on a Peltier module. The width of the upper AlN plate (5 mm) was slightly shorter than the sample length (6 mm) in order to take electrical contacts with tungsten needles. The samples were placed in a 10 −2 Pa vacuum in order to prevent heat exchange with the surrounding air. A static magnetic field was applied in the plane of the sample surface perpendicular to the direction in which the voltage was measured.
III. RESULTS AND DISCUSSION

A. Structural and microwave properties
Figures 2(a)-(e) present the structural properties of the 96-nm-thick films observed by TEM. A magnified view of the GGG|YIG interface and the diffraction pattern at this interface are shown in Figs. 2(a) and 2(b), respectively. The YIG grows epitaxially on the GGG substrate. Neither defects nor misalignment in the lattice planes were observed in the TEM images [ Fig. 2(a) ]. As shown in Fig.  2(b) , the diffraction pattern consists of a single reciprocal lattice confirming perfect alignment of the GGG and YIG structures.
An image of the whole cross section of a GGG|YIG|Pt sample is shown in Fig. 2(c) . The YIG film contains spherical defects with a diameter of roughly 10 nm. However, these are suppressed in the vicinity of the YIG|Pt interface. TEM imaging of as-deposited films revealed a uniform amorphous Y-Fe-O layer indicating that the spherical structures emerge during post-annealing. A magnified view of these objects is given in Fig. 2(d) . They do not possess crystalline structure. This can be also inferred from the fact that only a single reciprocal lattice, corresponding to epitaxial growth, was observed in the diffraction pattern. We speculate that these defects are voids which appear due to the volume change in the transition from amorphous to crystalline phase. There is a possibility that these structures contain residual amorphous material left over in the crystallization. We expect that these structures, due to their location inside the film, do not affect spin injection efficiency because spin injection originates in the spin transport at the F|N interface. 2, 22 The YIG|Pt interface is magnified in Fig. 2(e) . One can see that the YIG maintains its crystal structure up to the top of the layer. The surface of the YIG film is flat with a roughness less than 1 nm. This clean interface is of advantage for efficient spin injection. 45 XRR measurement on a bare YIG film yielded a YIG surface roughness of (0.008 ± 0.002) nm. In contrast, the GGG|YIG interface roughness was (0.6 ± 0.1) nm. The fact that the roughness at the GGG|YIG interface was many times larger than that at the YIG surface can be ascribed to substrate damage caused by on-axis sputtering.
Figure 2(f) shows the ferromagnetic resonance (FMR) derivative absorption spectrum dI/dH of a 96-nm-thick YIG film measured in a microwave cavity at P MW = 1 mW. It consists of a single Lorentzian peak derivative with a peak-to-peak linewidth W = 0.38 mT. This corresponds to a single FMR mode with damping proportional to the linewidth. The linewidth in a broad set of samples varied in the range of 0.4 − 0.6 mT. These values are among the lowest reported on sputtered YIG films. 35, 36, 38 The effective saturation magnetization M eff was determined from the dependence of the FMR field on the direction of the static magnetic field with respect to the sample plane. 8 The obtained value M eff = (103 ± 4) kA/m is lower than the saturation magnetization value for bulk YIG crystal (140 kA/m). 46 The decrease in the saturation magnetization might be a result of a deficiency in Fe atoms indicated by the off-stoichiometry. 
with gyromagnetic ratio γ = 1.78 × 10 11 T −1 s −1 determined from the frequency dependence of the FMR field, 47 we obtain a damping constant α = (7.0±1.0)×10 −4 . This value is more than ten times larger than the value for bulk single crystals (3 × 10 −5 ), 18 but is slightly smaller than other values reported on films prepared by sputtering 38, 40 and only three times higher than values reported on LPE films. 21, 48 The increase in the damping constant is probably due to two-magnon scattering on defects in the film. 49 
B. Spin pumping and spin Seebeck effect
The results of the SP experiment are shown in Fig. 3 . Figure 3 (a) compares the integrated FMR spectra of the plain YIG film and the YIG|Pt bilayer measured on one YIG sample prior to and after Pt coating. The linewidth in the YIG|Pt bilayer increases on average by 30% as compared to the linewidth in the bare YIG layer. This corresponds to enhanced damping of the magnetization precession in the YIG|Pt sample. This enhancement is caused by the transfer of spin angular momentum to conduction electrons in Pt near the YIG|Pt interface, indicating successful spin injection.
Simultaneously with the FMR peak of the ferromagnet, a voltage signal appears across the Pt layer, as shown in Fig. 3(b) . The spectral shape of the voltage signal is a Lorentzian with the same centre and full-width-at-halfmaximum as the FMR spectrum of the YIG [ Fig. 3(a) ]. This is an expected behaviour in ISHE, where the generated voltage at field H is proportional to the microwave absorption intensity I(H). 8 The fact that the detected voltage signal is due to ISHE is confirmed by the θ H dependence, where θ H is the angle between the surface normal and the magnetic field [see inset of Fig. 3(e) ]. The FMR derivative spectra and the spectral shapes of the voltage signals at selected values of θ H are shown in Figs. 3(c) and (d) , respectively. The spectral shape of the voltage copies the shape of I(H) even when the magnetic field is tilted out of the sample plane (θ H = ±45 • ). The sign of the voltage reverses by reversing the direction of the magnetic field and the signal vanishes when the magnetic field is perpendicular to the sample surface (θ H = 0 • ). This is a signature of ISHE, where the electromotive force is generated along the vector product of the spin polarization and the spin current, E ISHE ∝ j s × σ . 5, 8 Figure 3(e) shows the θ H dependence of the peak value of the voltage signal. The black curve is the expected θ H dependence of the ISHE voltage calculated following the procedure in Ref. 8 . The magnitude of the ISHE voltage is proportional to the injected spin current, V ISHE ∝ j s sin θ M , where the spin current magnitude j s is given by Eq. (12) in Ref. 8
Here θ M is the angle between the magnetization vector and the surface normal, and g ↑↓ r the real part of the spin mixing conductance. The relation between θ H and θ M is determined by the resonance condi- Figure 4 shows the results of the longitudinal SSE measurement. Figure 4(a) gives the magnetic field µ 0 H dependence of the voltage signal V measured on the Pt layer for selected values of temperature difference ∆T between the bottom and the top of the sample. We observed a voltage signal whose sign is reversed by reversing the direction of the magnetic field. Upon increasing the magnetic field, the magnitude of the signal increases monotonically until reaching a saturation value. This µ 0 H dependence of V reflects the magnetization curve of YIG. 14 The saturation value of the voltage increases with increasing temperature gradient. No signal was observed for ∆T = 0 K. As shown in Fig. 4(b) , the magnitude of the voltage at µ 0 H = 30 mT is linear in ∆T . This behaviour is consistent with ISHE induced by SSE, where the spin current generated across the YIG|Pt interface is proportional to the temperature gradient ∇T . 12 
C. Spin injection efficiency
The normalized value of the ISHE electromotive force observed in the SP experiment is E ISHE /(µ 0 h ac ) = (150 ± 30) µV/(mm·mT). This is a few times higher than the value reported on a 4.5 µm-thick LPE film, E ISHE /(µ 0 h ac ) = 39 µV/(mm·mT), measured at the same equipment, 45 and comparable with values reported for LPE films of 1.2-µm thickness [160 µV/(mm·mT) in Ref . 7] .
As for the ISHE voltage in the SSE measurement, using the experimental value V = (5.6 ± 1.2) µV at ∆T = 10 K, we obtain a normalized voltage V ×L T /L V = (0.47±0.10) µV. This is also of the same order as the value for YIG prepared by LPE (1 µV in Ref. 14 for a 4.5-µm-thick film).
Finally, we estimate the spin mixing conductance at the YIG|Pt interface. The efficiency of the transfer of spin angular momentum at the F|N interface is described by the real part of the spin-mixing conductance g ↑↓ r , 7,50-52 which is given by [52] [53] [54] 
Here, g is the g-factor, µ B = eh/(2m e ) = 9.27 × 10 It is worth noting that based on Eqs. (2) and (3), a decrease in magnetization from 140 kA/m to 103 kA/m should lead to a 28 % decrease in the injected spin current. A corresponding suppression of the inverse spin Hall voltage should be observed. However, the errors in the spin pumping and the SSE voltage measurements were 20 % and 21 %, respectively. This degree of error does not allow to discuss the effect of the decreased magnetization on spin pumping.
To conclude, we estimate the spin Hall angle of Pt from the obtained data. The injected spin current determined from Eq. (2) 
where d E is the distance of the electrodes, θ SHE the spin Hall angle, λ N the spin diffusion length in Pt, d N the thickness of the Pt layer, and σ N the conductivity of Pt. Using V ISHE = 3.9 µV, d E = 2.6 mm, d N = 14 nm, σ N = 3.1×10 6 Ω −1 m −1 , and j s = 5.3 × 10 −10 J/m 2 , we obtain θ SHE = 0.029 or 0.007 for Pt spin diffusion length λ N = 1.4 nm, 55 or 10 nm, 56 respectively. Both values are within the range of spin Hall angles reported for Pt.
IV. CONCLUSIONS
In summary, we have prepared YIG films by the sputtering method and investigated their structural and microwave properties as well as spin current generation from these films. The results show that the presented fabrication method, consisting of sputtering at room temperature and post-annealing in air, provides epitaxial YIG films with thickness below 100 nm which have excellent microwave properties in spite of defects in the structure. The spin injection efficiency observed in spin pumping and in the spin Seebeck effect is comparable with that for highquality films prepared by liquid phase epitaxy. The above preparation of garnet films is relatively straightforward and the technological requirements modest. Moreover, this method offers a possibility to control the YIG thickness at the nanometer scale. These results are of potential use in spintronics research. 
